The multispecific organic anion drug transporters OAT6 (SLC22A20) and OAT1 (SLC22A6) are expressed in nasal epithelial cells and both can bind odorants. Sequence analysis of OAT6 revealed an evolutionarily conserved 79-amino acid (AA) fragment present not only in OAT6 but also in other SLC22 transporters, such as the organic anion transporter (OAT), organic carnitine transporter (OCTN), and organic cation transporter (OCT) subfamilies. A similar fragment is also conserved in some odorant receptors (ORs) in both humans and rodents. This fragment is located in regions believed to be important for ligand/substrate preference and recognition in both classes of proteins, raising the possibility that it may be part of a potential common ligand/substrate recognition site in certain ORs and SLC22 transporters. In silico screening of an odorant database containing known OR ligands with a pharmacophore hypothesis (generated from a set of odorants known to bind OAT6 and/or OAT1), followed by in vitro uptake assays in transfected cells, identified OR ligands capable of inhibiting OAT6-and/or OAT1-mediated transport, albeit with different affinities. The conservation of the AA fragments between these two different classes of proteins, together with their coexpression in olfactory as well as other tissues, suggests the possibility that ORs and SLC22 transporters function in concert, and raises the question as to whether these transporters function in remote sensing and signaling and/or as transceptors.
Introduction
Organic anion transporters of the SLC22 transporter family are expressed in barrier tissues and mediate the cellular handling (mostly uptake/influx) of small-molecule organic solutes . Together with other transporters of the ATP-binding cassette (ABC) and solute carrier (SLC) families, they enable vectorial transepithelial movement of xenobiotics, as well as endogenous metabolites and signaling molecules that are critical for homeostasis (Nigam, 2015; Nigam et al., 2015) .
OAT6 (SLC22A20) is a multispecific organic anion transporter preferentially expressed in nasal epithelial cells and is also found in Sertoli cells in the testis of mice Kaler et al., 2006; Schnabolk et al., 2006 Schnabolk et al., , 2010 Kaler et al., 2007) . OAT6 is able to interact with a variety of small-molecule organic anions of physiological, pharmacological, and toxicological significance. These include estrone sulfate, para-aminohippurate (PAH), prostaglandin E 2 (PG-E2) , ibuprofen, and ochratoxin A Kaler et al., 2006; Schnabolk et al., 2006; Truong et al., 2008; Schnabolk et al., 2010) . Among the best ligands of this transporter are odorant molecules (Malnic et al., 2010; Modena et al., 2011) , many of which also interact with other members of this transporter family, including OAT1 and OAT3 (Kaler et al., 2006 (Kaler et al., , 2007 . OAT1 [SLC22A6 or novel kidney transporter (NKT)] and OAT3 (SLC22A8) are close homologs that are highly expressed in kidney proximal tubule cells, as well as cells of the choroid plexus and other tissues, where they are responsible for the rate-limiting step in the movement of solutes crossing the bloodurine and blood-cerebrospinal fluid barriers (Lopez-Nieto et al., 1997; Brady et al., 1999; Sweet et al., 2002; Eraly et al., 2006; Ahn and Bhatnagar, 2008; Emami Riedmaier et al., 2012; Nagle et al., 2013; Cesar-Razquin et al., 2015) . These two transporters have also generated significant pharmaceutical and regulatory (US Food and Drug Administration) interest because of their importance for drug disposition by the kidney and other organs (Morrissey et al., 2012; Nigam et al., 2015) . Thus, from sequence and functional perspectives, OAT6 belongs to a large family of facilitative solute carriers of the SLC22 family of multispecific organic anion "drug" transporters, the best studied of which are OAT1 and OAT3. Nevertheless, the unique and rather restricted expression pattern of OAT6 in olfactory mucosa raises the interesting possibility of a role for this transporter in delivery of small-molecule xenobiotics across the nasal-epithelial barrier and potential access to the central nervous system (Genter et al., 2009; Nagashima and Touhara, 2010; Thiebaud et al., 2011; Heydel et al., 2013; Nigam et al., 2015) . Moreover, in light of common odorant ligands, and because OAT1 is highly expressed in the kidney (whereas OAT6 is highly expressed in olfactory epithelium), it is possible that volatile odorants excreted via OAT1 into the urine interact with olfactory OAT6 in the nasal epithelium (Kaler et al., 2006 (Kaler et al., , 2007 Wu et al., 2011; Nigam et al., 2015) . A role for OAT6 in olfaction is also possible Kaler et al., 2006; Schnabolk et al., 2010; Wu et al., 2011; Nigam et al., 2015) .
We have identified a sequence motif within OAT6 that is conserved in other members of the SLC22 family of transporters, and this conserved domain shares sequence similarities with a domain found in many of the seven-transmembrane odorant receptors (ORs) of the G protein-coupled receptor family. Furthermore, using known OAT ligands that are also known odorants, pharmacophore hypotheses were generated and used to identify other odorants in a virtual screen of an odorant structural library reflecting the diversity of known and probable OR ligands, and some of these hits were then shown to interact with OAT6 and/or OAT1. Since both OATs and ORs are known to be coexpressed in olfactory as well as other tissues, these findings raise the interesting possibility that SLC22 transporters may somehow work together with signal transduction membrane receptors in organismal physiology or function in a "transceptor-like" capacity.
Materials and Methods
Materials. Unless otherwise indicated, all chemicals, including fluorescein, 6-carboxyfluorescein (6CF), 4-bromobutyric acid, hexyl acetate, allyl heptanoate, amyl hexanoate, 6-bromohexanoic acid, and methyl octanoate were obtained from Sigma-Aldrich (St. Louis, MO). Water-soluble probenecid was obtained from Invitrogen (Carlsbad, CA).
Sequence Analysis. For alignment, amino acid sequences in FASTA format for each individual transporter and seven-transmembrane odorant receptor were obtained from the National Center for Biotechnology Information (NCBI, http:// www.ncbi.nlm.nih.gov/) gene databases. For genes with multiple splice variants, only the full-length sequence was selected and used.
For multisequence alignment, a pairwise alignment program, ClustalW, was used (Li et al., 2015) . For finding regions of similarity between protein sequences with a protein sequence database, the NCBI-blastp algorithm was used (http:// blast.ncbi.nlm.nih.gov/Blast.cgi) (Boratyn et al., 2013) . For finding a distant homolog of a protein, Position-Specific Iterated BLAST (PSI-BLAST) was used. The initial alignment of sequences was carried out in January, 2013; the latest sequence analysis was done in March, 2015.
Domain Localization. For extracellular domain localization of the 79-amino acid sequence on a 12-transmembrane transporter, a transmembrane protein display software TOPO2 (http://www.sacs.ucsf.edu/TOPO2/) was used to generate a two-dimensional topology image on the basis of the sequence of the transporter. For domain localization of the 77-amino acid sequence on a seven-transmembrane odorant receptor (Malnic et al., 2010) , TOPO2 and Weblogo representation (http://weblogo.berkeley.edu/logo.cgi) for odorant receptor amino acid sequences were used.
Pharmacophore Modeling. To generate an odorant-based pharmacophore hypothesis for virtual screening purposes, the structure-data files (SDF) for those odorant molecules that have been found capable of interacting with OAT1 and/or OAT6 (i.e., have a K i or IC 50 value) (Tables 1 and 2) were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). These common chemical data file formats containing structural information were then input into the computational software ICM (Molsoft, San Diego, CA). The OAT1/OAT6-interacting odorant molecules were then superimposed and aligned using the atomic properties field (APF) superimposition method, which considers the three-dimensional representation of hydrogen bond donors, hydrogen bond acceptors, sp2 hybridization, lipophilicity, size of large atoms, and positive and negative charges (Totrov, 2008; Chen et al., 2014) . On the basis of the APFs of the aligned molecules, the pharmacophore hypothesis was generated.
Virtual Screening of an Odorant Database. The pharmacophore model derived from OAT1/OAT6-interacting odorant molecules was then used to virtually screen the OlfactionDB database (http://molsim.sci.univr.it/OlfactionDB) using the ICM computational software. Odorant molecules with APF scores #-60 and steric scores #5 were input into ChemMine (Chemmine.ucr.edu) and binclustered on the basis of structural similarities. The 27 molecules within the bin containing three or more molecules were further evaluated in PubChem by Tanimoto similarity coefficient. A cluster of 17 molecules (including three known OAT-interacting odorants) was identified and four molecules from this group were randomly selected for testing in the OAT transport assay.
Transport Assay. Chinese hamster ovary (CHO) cells constitutively expressing mouse OAT6 or OAT1 (the generous gift of Dr. Douglas Sweet) were plated out and cultured to confluence in a 96-well culture plate. Cellular uptake assays were performed for 10 minutes at room temperature as previously described [for detailed descriptions of the protocol, please see Schnabolk et al. (2010); ]. The known substrates, fluorescein (OAT6; 10 mM in phosphate-buffered saline) and 6CF (OAT1; 10 mM in phosphate-buffered saline) were used as fluorescent tracers for uptake in the transfected CHO cells. Probenecid, the prototypical inhibitor of OAT-mediated uptake, was used as a negative control for OAT6-and OAT1-mediated uptake of fluorescent tracers in the CHO cells. Quantitative uptake of fluorescent tracers (fluorescein, OAT6; 6CF, OAT1) was determined using a fluorometric plate reader as previously described (Ahn et al., 2011; Wu et al., 2013) .
Kinetics Calculation. The ability of the small-molecule odorant molecules to inhibit the uptake of the fluorescent tracer was determined at several concentrations. The inhibitory kinetics were calculated and curve fitting (nonlinear regression) was generated using GraphPad Prism 5 (www.graphpad.com/ scientific-software/prism) as described (Ahn et al., 2011; Wu et al., 2013) . P values were determined by using Student's t test. (Kaler et al., 2007) Note: These odorant molecules were used for the generation of pharmacophore hypotheses. a Benzoate also showed elevated plasma concentration in the Oat1 KO mouse 
Results
Identification of a Conserved N-Terminal Region in SLC22A20/ OAT6 Orthologs. Apart from the better known SLC22 family transporters (OAT1, OAT3, OCT1, OCT2, OCTN1, OCTN2, and URAT1), a number of others have been identified by sequence similarity and evolutionary analyses Wu et al., 2009 ). SLC22A20/OAT6 was identified in mouse on the basis of its sequence homology to other OATs, particularly OAT1/SLC22A6, of the SLC22 small-molecule organic solute carrier family Kaler et al., 2006; Kaler et al., 2007) . The full-length mouse SLC22A20/OAT6 transcript codes for a peptide of ;556 amino acids in length with 12 predicted transmembrane helixes Kaler et al., 2006) . Using mouse SLC22A20/OAT6 amino acid sequence as a template, a homology search of the NCBI database revealed a set of highly conserved orthologs of this transporter, with at least 50% sequence identity at the amino acid level in many mammalian species, including human, chimp, rat, dog, elephant, and others (Supplemental Fig. 1 ).
Alignment of the SLC22A20/OAT6 amino acid sequences from humans and rodents, using a multiple-sequence alignment tool, initially revealed conserved segments largely corresponding to transmembrane helixes. However, a large and highly conserved area located closer to the N-terminal region of the transporter that does not correspond to a transmembrane helix was also identified (Fig. 1A, Supplemental Fig. 1 ). To evaluate this N-terminal region of SLC22A20 in more detail, the available amino acid sequences of SLC22A20 from several vertebrate species were obtained and aligned. A high degree of sequence identity, as well as sequence similarity, was readily apparent within this N-terminal region of SLC22A20, suggesting that it was highly conserved during evolution (Fig. 1A, Supplemental Fig. 1 ). For example, this conservation was not only particularly evident in mammals (both placental and nonplacental), the conserved sequence of the N-terminal region was found in vertebrates as far down as frog (Xenopus laevis) and fish (Danio rerio) (Supplemental Fig. 1 ).
Identification of a 79-Amino Acid Fragment in the N-Terminal Region of SLC22A20/OAT6 That Was Also Found in an Odorant Receptor. In an attempt to identify additional genes possessing this conserved N-terminal region, a more detailed homology search was carried out in the mouse genome using this conserved N-terminal region sequence as a template. In addition to the SLC22A20/OAT6 and other SLC22 family transporters, a significant sequence similarity was found between the mouse SLC22A20 and the mouse olfactory receptor 167 (OLFR167) (Fig. 1B, Supplemental Fig. 2 ). This is interesting because: OAT6 is found in olfactory mucosa Kaler et al., 2006) ; it has a high affinity for odorants compared with other transporters Kaler et al., 2006; Kaler et al., 2007) ; and OAT1 (also expressed in olfactory mucosa) Kaler et al., 2006; Kaler et al., 2007) was originally cloned (as an NKT) in 1996 (Lopez-Nieto and Nigam, 1996; Lopez-Nieto et al., 1997)] using degenerate primers targeting G protein-coupled receptors (Lopez-Nieto and Lopez-Nieto et al., 1997) Fig. 1. Multiple sequence alignments of SLC22A20 transporters and/or odorant receptors reveal similarity within and between these two different types of membrane proteins. (A) Full-length amino acid sequences of SLC22A20 from multiple species were aligned using ClustalW, and the consensus sequence of the 79-amino acid region is shown. Bars above the sequence and symbols below indicate the strong conservation that was observed within the N-terminal region of all species examined (asterisks indicate sequence identity, colons and periods indicate sequence conservation). (B) Alignment of N-terminal region of SLC22A20 with OLFR167 revealed the presence of a 79 amino acid fragment within the N-terminal region of OAT6 (NP_941052, starting at amino acid number 45 and ending at amino acid number 123) which had significant sequence homology to a 77-amino acid fragment in OLFR167 (NP_667146, starting at amino acid number 128 and ending at amino acid number 204) (capital letters between the two sequence fragments indicate identical amino acids at that residue, + indicates conserved residues). (C) Full-length amino acid sequences of 21 olfactory receptors from human, rat, and mouse were aligned. Strong conservation was found within the amino acid sequences of the 77-amino acid fragment (shown). Bars above the sequence and symbols below indicate the strong conservation that was observed within the N-terminal region of all species examined (asterisks indicate sequence identity, colons and periods indicate sequence conservation). Within this 77-amino acid fragment, approximately 22% of the amino acid residues were identical in all receptors examined, and an additional 30% of the residues were found to be conserved in these ORs. (Fig. 1B) , with a particularly high sequence conservation [50% identity (10 out 20 AA) and 70% similarity (14 out 20 AA)] found within the last 20 amino acids of the C-terminal region of the fragments (Fig. 1B) .
The 79-Amino Acid Fragment of SLC22A20 Was Found in Other Transporters of the SLC22 Family. To determine if this 79-amino acid fragment is also present in other members of the SLC22 transporter family, a BLAST search in the mouse genome was carried out using this 79-amino acid region as a query. Significant sequence similarities were found in other SLC22 family members, with SLC22A27 (Wu et al., 2009 ) having the highest sequence similarity at over 55% sequence identity (Supplemental Fig. 2 ). Overall, a higher percentage of sequence identity within this fragment was found for the OATs compared with other SLC22 family members (including OCT1/ SLC22A1, a prototypical organic cation transporter; not shown). In contrast to OATs and organic cation transporters (OCTs), which include clinically important "drug" transporters, only low to very low sequence homology of this 79-AA fragment was found in the human or mouse sequences of other clinically relevant SLC drug transporters (Nigam, 2015) , such as the SLCO (SLCO/SLC21) family of drug transporters or the SLC47/MATE transporters; no sequence homology for this 79-AA fragment was found in the human or mouse ABC family of drug transporters [ABCB1 (MDR1), ABCC2 (MRP2), ABCC4 (MRP4), and ABCG2 (BCRP)] (data not shown).
The Fragment Is Conserved in Some G Protein-Coupled SevenTransmembrane Odorant Receptors in Humans and Rodents. A homology search of the conserved fragment in the odorant receptor gene (OR) family was then conducted using the identified homology region on mouse OLFR167, which started at amino acid 128 and ended at amino acid 204 (a 77-AA fragment) (Fig. 1B, Supplemental Fig. 2) . A NCBI BLAST search using this 77-AA fragment of mouse OLFR167 revealed multiple conserved homologs of olfactory receptor genes in mouse, rat, and human (Fig. 1C, Supplemental Fig. 2) . (In addition, limiting the BLAST query to solute carrier family members revealed multiple SLC22 transporters from all three species, with SLC22A20 having the highest degree of homology; data not shown.) The sequence of this 77-AA fragment from mouse was 96% identical to that of rat OLFR1568, and 79% identical to the human OR2L5. In addition, there were multiple human OR genes with high levels of AA sequence identity to the mouse fragment; for example, 80% with OR2L2 and OR2L8, as well as 59% with OR2AK2. Direct comparison of 21 of these OR peptide sequences from human, mouse, and rat using a multiple alignment tool indicated the conservation of 52% of the amino acid residues with 17 out of 77 residues showing sequence identity and another 22 residues being conserved between the 21 ORs from these three species (Fig. 1C, Supplemental Fig. 3 ), suggesting that this fragment is highly conserved in multiple odorant receptors in humans and in rodents.
Location of this Conserved Fragment in Transporter and in Odorant Receptor. We sought to determine if this conserved fragment represented a domain of known function. However, a query of the NCBI Conserved Domains database using the 79-AA fragment of SLC22A20 did not produce any significant hits other than itself. We then sought to locate the fragments in models of the 12-transmembrane domain-containing transporters and the seven-transmembrane domain-containing odorant receptors. Although a homology-based OAT1 model and simulation has been developed, it does not include extracellular parts of the protein . By overlaying the 79-AA fragment on a model diagram of the 12-transmembrane domain-containing organic anion and cation transporters of the SLC22 family (Pharmacogenetics.UCSF.edu. as well as the Protein Data Bank), this fragment was found to be largely situated in the first extracellular loop between transmembrane helixes 1 and 2 ( Fig. 2A) . This large extracellular loop (about 110 amino acids total) in the transporter has been postulated to be important for substrate recognition and selectivity (Bleasby et al., 2005; Wu et al., 2009) .
Overlaying the corresponding 77-AA fragment of OLFR167 with a model of a typical seven-transmembrane domain-containing odorant receptor revealed that this fragment is located in the middle portion of the receptor sequence and included the second and the largest extracellular loop of the receptor between transmembrane helixes 4 and 5 (Fig. 2B) . Within this region of the receptor, there were several amino acid residues that are highly conserved among the majority of OR proteins examined (Fig. 1C, Supplemental Fig. 3 ), including cysteine residues in extracellular loop 2 considered critical for structural integrity and for odorant recognition (Malnic et al., 2010) (Fig. 2C) . Similarly, cysteine residues in the 79-AA fragment of the SLC22A20 transporter ( Fig. 1, Supplemental Fig. 1 ) were also found to be highly conserved in the SLC22 family of transporters (Fig. 2C) .
Creation of a Pharmacophore Model on the Basis of OR Ligands That Can Interact with OAT6 and/or OAT1. Although the available functional transporter data are limited, OATs of the SLC22 family (particularly OAT6 and OAT1), which are both found in the nasal epithelium (Kaler et al., 2006) , have been demonstrated to interact with a few odorant molecules (in some instances with relatively high affinity) (Table 1) . We sought to examine whether small-molecule volatile odorants that are known ligands of ORs could also interact with the transporters. To further explore OAT interactions with odorant molecules known to be OR ligands, we undertook a computational in silico approach involving pharmacophore modeling followed by virtual screening and wet laboratory testing.
To determine the molecular features of small-molecule odorants that can also interact with the OATs, pharmacophore models were generated on the basis of those odorant molecules that can interact with OAT1 and/or OAT6 (Table 1 ). Since the list of known OAT-interacting odorants is small and some of the odorants can interact with both OAT1 and OAT6, a common pharmacophore model for both OAT1-and OAT6-interacting odorants was generated (Fig. 3) . The structures of the OAT1/OAT6-interacting odorant molecules were superimposed and aligned using the APF superimposition method (Totrov, 2008) (Fig. 3B) , and a pharmacophore hypothesis was generated. This shared pharmacophore model had a hydrophobic core that appears compatible with a ring-like structure, and two or more hydrogen bond acceptor sites on one end of the hydrophobic core (Fig. 3C) .
Virtual Screening of an Odorant Database with the Pharmacophore (on the Basis of OAT-Binding Odorants). The pharmacophore model-which has as a basis OR ligands capable of interacting with OATs in transport assays-was then used in a virtual screen of a structural library of odorant molecules which have been shown to bind ORs with an EC 50 of ;1 mM to ;1 mM. This was done by using an online odorant database, OlfactionDB (Modena et al., 2011) . Although limited, this database, which is manually curated from the literature, provides information about these odorant molecules and their interactions with odorant receptors (Modena et al., 2011) . Since the aim here was to identify odorants that are known to interact with ORs and which might also interact with OATs, it was expected that this database would be useful for virtual screening with the pharmacophore model. Virtual screening of the database with the pharmacophore model identified 35 odorant molecules with an APF (Totrov, 2008) and steric score (Chen et al., 2014) indicative of a reasonable fit to the hypothesis (see Materials and Methods; Supplemental Table 1 ). These 35 odorants were input into ChemMine (Chemmine.ucr.edu), an online analytic tool for examining small molecules (Backman et al., 2011) . This analysis resulted in a cluster of 27 compounds with similar chemical structures out of the 35 odorant molecules selected in the virtual screen (Supplemental Table 1 ). Additional similarity analysis of these 27 structures on the basis of the Tanimoto coefficient revealed a subgroup of 17 molecules that included three (hexanoic acid, octanoic acid and heptanoic acid) known to interact with OAT1 and/or OAT6 (Table 1 , Fig. 3D ). As described below, five of the remaining 14 compounds in the cluster, as well as one additional compound not found within this cluster, were analyzed in a well-characterized OAT transport assay Schnabolk et al., 2010; Wu et al., 2013) .
Identification of Novel OAT-Interacting Odorants That Are Also Known OR Ligands. Five of the remaining 14 untested molecules (i.e., 4-bromobutyric acid, methyl octanoate, hexyl acetate, allyl heptanoate, 6-bromohexanoic acid) and one odorant not found in the cluster (i.e., amyl hexanoate) were further evaluated for the ability to inhibit OAT6-and/or OAT1-mediated uptake of a fluorescent substrate in wet laboratory assays (Fig. 4) . Four of these odorant molecules (4-bromobutyric acid, 6-bromohexanoic acid, hexyl acetate and methyl ocantoate) were found to inhibit OAT6-mediated uptake of fluorescein in OAT6-expressing CHO cells, whereas allyl heptanoate and amyl hexanoate did not inhibit fluorescein uptake at a concentrations less than 3 mM (Fig. 4, Table 2 ). Whereas 4-bromobutyric acid, 6-bromohexanoic acid, and hexyl acetate were also found capable of inhibiting OAT1-mediated uptake of 6CF with IC 50 s in the range of 16-1346 mM, methyl octanoate was unable to inhibit OAT1-mediated uptake at concentrations less than 3 mM (Fig. 4, Table 2 ). In addition, amyl hexanoate, which did not cluster with the other five odorant molecules (Fig. 3) and was unable to inhibit OAT6-mediated uptake, was found to be capable of inhibiting OAT1-mediated uptake of 6CF (IC 50 444 mM) (Fig. 4, Table 2 ).
We note that the effective dose of these odorants for interaction with OATs and ORs appear to be roughly comparable. Furthermore, comparison of the odorant inhibition data for OAT1 with that reported for drugs, metabolites, toxins, and signaling molecules revealed that the inhibitory data for the odorants fell within the range of reported data VanWert et al., 2010; Wikoff et al., 2011; Morrissey et al., 2012; Nigam et al., 2015) . Although we were unable to obtain the newly identified compounds in labeled form, we note the OAT1 has Fig. 2 . Localization and conservation of the amino acid fragments in the SLC22 transporters and in the odorant receptors. The location of the conserved amino acid fragments within models of SLC22 transporters (A) and olfactory receptors (B) generated using TOPO2 (Pharmacogenetics.UCSF.edu). The 79-AA residue motif (highlighted in orange) is located in the first extracellular loop of the transporter (A), whereas the 77-AA residue motif (highlighted in red) not only encompasses the fourth transmembrane domain, but also includes the entire second (and largest) extracellular loop of the receptor (B), which corresponds to the most highly conserved portion of the motif between the transporter and the receptor (Fig. 2B ). (C) Weblogo (http://weblogo.berkeley.edu/) representations of the amino acid sequences of the 79-AA fragment of transporters (top) and the 77-AA fragment of odorant receptors (bottom). A number of amino acid residues were found to be highly conserved among the transporters and OR proteins, in particular a number of conserved cysteine residues (depicted in black), which are considered critical for structural integrity of the membrane proteins (Bleasby et al., 2005) .
Drug Transporters, ORs, and Their Ligands 1859 at ASPET Journals on August 27, 2017 dmd.aspetjournals.org been shown to transport many endogenous ligands (Nigam, 2015) , and OAT6 can transport estrone sulfate, fluorescein, ochratoxin A, and PG-E2 Kaler et al., 2007; Truong et al., 2008; Schnabolk et al., 2010) .
Discussion
A combined in silico and wet-laboratory approach was used to investigate the relationship between anion transporters of the SLC22 family, odorant molecules, and odorant receptors, and resulted in the identification of novel OAT6 and OAT1 ligands that are known OR ligands. To summarize, it was found that: 1) Oat6/Slc22a20, a mouse organic anion transporter expressed in the nasal epithelium Kaler et al., 2006; Kaler et al., 2007) , is highly conserved in many vertebrate species, particularly in placental mammals (Fig. 1,  Supplemental Fig. 1) , and, importantly, a 79-AA motif, within the N-terminal region of OAT6/SLC22A20, is present in all 20 vertebrate species examined (Fig. 1, Supplemental Fig. 1); 2) This 79-AA motif is also found in other members of the SLC22 drug transporter family and in some seven-transmembrane domain-containing odorant receptors as a 77-AA motif (Fig. 1, Supplemental Fig. 2); 3) The 77-AA motif is present in many ORs (Fig. 1, Supplemental Figs. 2 and 3) ; 4) The location of this conserved motif overlaps postulated substrate binding domains (on the basis of published wet laboratory data discussed below), being found in the largest/main extracellular loop of both the SLC22 transporters and the odorant receptors (Fig. 2) . It is perhaps also interesting to note in passing that OAT1, the prototypical OAT transporter underlying the classic organic anion transport pathway, was initially cloned (as NKT) through a homology-based approach using degenerate primers targeting seven-transmembrane G protein coupled receptors (Lopez-Nieto et al., 1996; Lopez-Nieto et al., 1997) ; 5) Odorants known to bind odorant receptors are also capable of interaction with OAT1 and OAT6 (Table 1); 6) Odorant molecules that are capable of interacting with OAT1 and/or OAT6 share similar structural features (Fig. 3) ; and 7) In silico screening of an odorant database, which includes many known and putative OR ligands, identified additional odorant molecules that had the ability, in wet laboratory assays using transfected cells, to inhibit OAT6-and/or OAT1-mediated transport (Fig. 4, and Table 2 ).
Collectively, this information suggests that a highly conserved motif shared by both SLC22 transporters and odorant receptors might play a role in substrate/ligand recognition and binding by these two different classes of membrane proteins. In support of this notion, it has been shown that replacing the entire large extracellular loop between transmembrane domains 1 and 2, which encompasses the 79-AA motif (Fig. 2) of OCT1/SLC22A1, with that of OAT1/SLC22A6 [amino acid ] significantly alters the uptake of tetraethylammonium (TEA, a prototypical OCT1 substrate) (Keller et al., 2011) . Furthermore, an examination of available data on single-nucleotide polymorphisms (SNPs) discovered in organic anion transporter genes indicates that a number of nonsynonymous SNPs within the boundary of this 79-AA motif have functional ligand-binding and/or transport consequences in several SLC22 transporters, including OAT1 and URAT1 (Table 3) . For example, in OAT1, a nonsynonymous SNP resulting in a change from arginine to histidine at residue 50 (R50H) significantly reduced the uptake of antiviral drugs (i.e., adefovir, cidofovir, and tenofovir) (Bleasby et al., 2005) , whereas a nonsynonymous SNP resulting in a change from arginine to histidine at residue 90 (R90H) in URAT1 significantly reduced the uptake of urate (Ichida et al., 2004) . In addition, an SNP in a conserved residue located five amino-acid residues downstream of the 79-AA motif in URAT1, V138M, also significantly reduced uptake of urate by the mutant transporter (Ichida et al., 2004) .
Interestingly, similar findings related to the function of the conserved motif have been reported for the ORs. For example, in a systematic study investigating the structural basis of ligand specificity for odorant receptors, site-directed mutagenesis targeting 37 residues individually in odorant receptor Or15 in Anopheles gambiae found that a determinant of odorant specificity resides in the large extracellular loop 2 (which is within the 77-AA motif of the OR) (Hughes et al., 2014) . In particular, substitution of an alanine residue at position 195 within the motif resulted in the largest reduction in sensitivity of the receptor (Hughes Fig. 3 . Generation of a pharmacophore model using odorants/ligands that can also interact with OAT1 and/or OAT6. The chemical structural features of odorant molecules that can interact with OAT1 and/or OAT6 (A) were aligned (B) and used to create a consensus pharmacophore hypothesis (C) [red, hydrogen bond acceptor; yellow, encompasses the hydrophobic core probably owing to the presence of an aromatic ring structure; see (B) ]. This pharmacophore hypothesis was used to query a structural library of odorants (OlfactionDB) and identified compounds were clustered in ChemMine followed by PubChem Tanimoto Similarity (D). Red font, known OAT-interacting odorants; Purple font, odorant molecules tested in in vitro OAT transport assay. et al., 2014) . In addition, in humans, a nonsynonymous SNP resulting in the substitution of aspartic acid for asparagine at residue 183 (N183D) (located in the extracellular loop 2) of OR5A1 was identified as a causal variant of b-ionone sensitivity (Jaeger et al., 2013) . More recently, in a comprehensive large-scale structural-functional relationship study of polymorphisms of human odorant receptors, 18 residues within the boundary of the 77-AA motif were deemed to be important for the function of human odorant receptors, and concluded that these SNPs or mutations probably alter the ligand binding and selectivity of the underlying odorant receptor (Mainland et al., 2014) . For example, Fig. 4 . Inhibition of OAT6-and/or OAT1-mediated uptake by odorants. Concentration-dependent inhibition of fluorescent substrate uptake in OAT6-expressing (A-D) and OAT1-expressing (E-H) CHO-cells (nonlinear regression fitted to curve, data are presented as Mean 6 S.D., N = 4). Six odorants that are known ligands of odorant receptors (i.e., 4-bromobutyric acid, 6-bromohexanoic acid, hexyl acetate, methyl octanoate, amyl hexanoate and allyl heptanoate) were tested for their ability to inhibit OAT6-and/or OAT1-mediated uptake of a fluorescent substrate. Three of these small-molecule odorants, 4-bromobutyric acid, 6-bromohexanoic acid, and hexyl acetate, were found to inhibit both OAT6-mediated uptake of fluorescein (A-C) and OAT1-mediated uptake of 6CF (E-G). In addition, methyl octanoate was found to be capable of inhibiting OAT6-mediated transport (D), whereas amyl hexanoate inhibited OAT1-mediated transport (H). R 2 values ranged from 0.89-0.99. For both OAT6 and OAT1, probenecid was used as a control. (Mainland et al., 2014) X, various amino acids in Hughes et al. (2014) .
Drug Transporters, ORs, and Their Ligands polymorphisms in OR2A25, whose close paralogs have the highest sequence homology with the 79-AA motif of the transporters (Supplemental Fig. 2 ), shifted its dose-response curve for geranyl acetate, whereas substituting serine for isoleucine at residue 130 (I130S) and methionine for valine at residue 198 (V198M) (both of which are within the boundary of the motif) of OR2B11 effectively eliminated the mutant's ability to respond to spearmint oil (Mainland et al., 2014) . Furthermore, our findings raise the possibility that the transporters and ORs might function in a parallel fashion via their ability to respond to the same or similar ligands. For example, as described above, propionic acid (a gut microbiome-derived short-chain fatty acid) is a substrate for renal organic anion transporters (OAT1/OAT3, Table 1 ), and this smallmolecule odorant is also able to interact with ORs (OLFR78 and OR51E) (Modena et al., 2011) . Interestingly, deletion of renally expressed Olfr78, which also contains the shared motif, results in altered renin secretion and blood pressure regulation (Pluznick et al., 2013) . Thus, in the kidney, OATs (OAT1/3) probably play a role in regulating the plasma concentration of propionic acid, and the OR (e.g., OLFR78) can sense changes in the concentration of this short-chain fatty acid and transduce this information to juxtaglomerular cells, leading to physiologic changes (i.e., blood pressure) (Pluznick and Caplan, 2012; Pluznick et al., 2013) . This may also be interesting in the context of understanding the altered blood pressure in the Oat3 knockout mouse (Vallon et al., 2008) .
The potential signaling function of SLC22 transporters also needs to be examined. Apart from odorants, other OAT ligands are also known to activate G protein-coupled receptors (Nigam, 2015) . A number of mammalian SLC transporters are thought to play a role in sensing and signaling, and some may function in a manner analogous to bacterial "transceptors" (Hyde et al., 2007; Thevelein and Voordeckers, 2009; Chantranupong et al., 2015) . These transporters and receptors might conceivably also be part of a proposed system for mediating remote communication between organs and/or organisms via these smallmolecule odorants, according to the remote sensing and signaling hypothesis Wu et al., 2011; Nigam, 2015; Nigam et al., 2015) . For example, Oat6 is mainly expressed in the nasal epithelium and is able to interact with odorants such as propionic acid whose excretion into the urine is probably mediated, at least in part, by the renally expressed OATs. Thus, propionic acid not only would be able to bind to its nasally expressed OR, but it could also be taken up by an OAT (e.g., OAT6 and/or OAT1), gaining entry to the blood and the central nervous system. Although speculative at present, these possibilities could have a major impact on current paradigms in the fields of olfaction and drug transport.
